Abstract-We evaluated the susceptibility of Galerucella calmariensis, a species used to control purple loosestrife (Lythrum salicaria), to three mosquito control larvicides. Larvae and adults were fed loosestrife cuttings dipped in Abate (Յ375 g · L , respectively). Hatching success of eggs dipped in Abate (Ն3.75 g · L Ϫ1 ) was reduced significantly and survival was significantly lower among larvae and adults eating cuttings dipped in Abate (Ն0.17 g · L Ϫ1 and Ն2.27 g · L
INTRODUCTION
Purple loosestrife (Lythrum salicaria), an exotic perennial wetland plant, is threatening the habitat quality of many wetland areas of the United States and Canada. The plant commonly occurs in moist-soil habitats of flood plains, marsh edges, riparian areas of rivers, streams, ditches, and seasonally flooded impoundments [1] . Its ability to displace indigenous wetland plants was first noticed in the 1940s and in the 1950s and 1960s natural resource managers realized that native food plants used by wildlife, such as cattails (Typha spp.), rushes (Juncus spp.), and sedges (Carex spp.) were being displaced in many locations by monotypic stands of purple loosestrife [1] .
Resource managers have tried various means for controlling purple loosestrife in wetland impoundments managed for waterfowl use. Maintaining high water levels (Ն30 cm) through most of the year to retard seedling development has been found to be one of the most effective ways of suppressing the spread of purple loosestrife [2] . Mosquito control often is unnecessary in these impoundments because they support fish populations that consume the mosquito larvae.
Resource management agencies recently started using biological agents to control purple loosestrife, including the hostspecific leaf-eating beetles, Galerucella calmariensis and Galerucella pusilla (Coleoptera: Chrysomelidae). However, controlling loosestrife with these beetles may lead to increased mosquito production in wetland impoundments. The beetles, with other biological agents, are expected to reduce loosestrife abundance, thus allowing the return of native wetland plants that are beneficial for wildlife [3] . Resource managers would be free to flood impoundments in winter to early summer and then dry them gradually, fostering native plant and invertebrate communities suitable for waterfowl use. However, fish populations preying on mosquito larvae would disappear, allowing mosquito production to increase. This change in turn might stimulate public pressure for spraying of the impoundments to control mosquitoes. Wildlife managers then would be faced with deciding which insecticides safely can be sprayed on the impoundments without jeopardizing the Galerucella populations that control the purple loosestrife.
This research was designed to evaluate the susceptibility of each life stage of G. calmariensis to the liquid formulations of three commonly used mosquito control larvicides, Abate (BASF, Research Triangle Park, NC, USA), Altosid (Wellmark International, Bensenville, IL, USA), and Bti (Abbott Laboratories, North Chicago, IL, USA). Temephos (0,0Ј-[thiodi-4,1-phenylene] 0,0,0Ј,0Ј-tetramethyl phosphorothionate), the active ingredient in Abate, is an organophosphate compound that inhibits acetylcholinesterase activity [4] . Methoprene (isopropyl [2E-4E]-11-methoxy-3,7,11-trimethyl-2-4-dodecadienoate), the active ingredient in Altosid, is an insect juvenile hormone analog that disrupts metamorphosis and prevents adult emergence [5] . Bacillus thuringiensis var israeliensis is a strain of bacterial entomopathogen developed as a mosquito larvicide from Bacillus thuringiensis, a bacterium that occurs naturally in soil. The dormant life stage of Bti, called the endospore, and associated proteinaceous crystals or delta-endotoxins, contain the larvicidal attributes of this product [6] . After mosquito larvae ingest the endospores, the endotoxins bind with the gut lining where, if consumed in sufficient amounts, they paralyze the digestive system. All three products are produced in liquid and granular formulations.
The general goal of this project is to evaluate the susceptibility of G. calmariensis when exposed to concentrations of the liquid forms of Abate, Altosid, and Bti that typically are applied for mosquito control. Hopefully the information will help resource management agencies in deciding what mosquito control strategy they will allow on lands they control. The research was designed to determine what concentrations reduce hatching success of eggs dipped in solutions of the larvicides, reduce the survival of larvae and adults forced to eat loosestrife cuttings dipped in solutions of the larvicides, reduce survival among pupae immersed in solutions of the larvicides, and finally to compare the mean concentrations of Abate and Altosid residues on loosestrife cuttings exposed to the larvicides during an operational spraying with those on cuttings used in our laboratory experiments. The liquid formulations were evaluated because they could be intercepted by purple loosestrife during aerial application of the larvicides.
MATERIALS AND METHODS
Life history of G. calmariensis Adult G. calmariensis sequester themselves in a quiescent state in leaf litter or elsewhere near purple loosestrife plants in mid-to late summer where they remain until spring of the following year [7] . Over wintering adults become active in April and May when they can feed on newly formed purple loosestrife shoots. Peak numbers usually appear between early May and mid-June. Oviposition begins about a week after feeding begins; however, females must feed for three to four weeks before reaching their full ovipositing capacity of 10 to 12 eggs daily. Peak ovipositing occurs for about 4 weeks from late May to late June and continues at reduced levels until late July. Females lay 200 to 300 eggs in a season [8] . The eggs hatch into worm-like larvae that feed on developing leaf and flower tissues for the first few days then shift to eating plant tissues [9] . Pupation, which follows the larval stage, is passed in the soil and leaf litter near the base of the plant [2] . Newgeneration adults appear 30 to 40 d after eggs are laid, depending on temperatures [8] . The number of over wintering adults declines through June, reaching about 20% of the initial number by the end of the month [8] .
Culturing G. calmariensis and acquiring single-aged cohorts
Approximately 3,500 G. calmariensis acquired from the Department of Natural Resources, Cornell University (Ithaca, NY, USA) provided all of the individuals used in this study. The beetles were cultured out-of-doors in Lumite enclosures (3.66 m ϫ 3.66 m ϫ 1.83 m) constructed of 20 ϫ 20 0.7225 mm 2 mesh material (Synthetic Industries, Gainesville, GA, USA). Purple loosestrife plants from Anacostia Park (Section C of U.S. National Capital Parks-East, Washington, DC) were placed in the enclosures to provide food. Procedures for cultivating the plants were similar to those employed in other investigations [7, 8] .
The eggs, larvae, and pupae used in each experiment were from eggs laid within a single, 24-h period. Formation of the single-aged cohorts began after hatching success of the eggs approached 100%. Single-aged cohorts were obtained by placing potted loosestrife plants in enclosures with adults for 24-h. Then the plants with the newly deposited eggs were moved to enclosures with no adults. Tests with adults were performed on new-generation individuals acquired from eggs left in the adult enclosures; no attempt was made to ensure that all adults used in tests were from eggs laid during a single 24-h period.
Experimental approach
The experimental approach we used was designed to meet the following conditions. Eggs, larvae, and adults would be exposed to the formulations that they would most likely encounter following larvicide application. The liquid formulations were studied because the aerial portions of the plants where these life stages occur could intercept droplets of the larvicides as they are sprayed, whereas the granular formulations would fall through the loosestrife foliage to the ground or water.
Each life stage would be exposed to the larvicides in a manner that they would likely be exposed to them in the field. Although adults and larvae could receive direct exposure during application, we believe that the more likely route would be through consumption of plant tissue. Eggs, of course, could only experience exposure if larvicide droplets fell on them during application.
Each life stage would be exposed to concentrations that they could be expected to encounter following larvicide application. Range-finding experiments with Abate included the highest concentration that we could determine has been used by professional applicators (Delaware Division of Fish and Wildlife, Mosquito Control Section, Dover, DE, USA, personal communication; Table 1 ). To allow for potential mistakes in solution preparation, range-finding experiments with Altosid and Bti, which can be applied by laypersons, included four times the maximum concentrations recommended on container labels (Table 1) .
Larvae and adults would be presented situations in which they were forced to consume loosestrife tissue that had been exposed to larvicide solutions. This requirement could be most easily achieved by introducing larval and adult individuals to loosestrife cuttings that had been dipped in various concentrations of the larvicides and confining them in containers from which they could not escape.
Pupae could be threatened if larvicide was sprayed during a flooding event that inundates the soil and leaf litter where they are located. The exposure level by pupae to the granular and liquid formulations would be the same because the application rates for both are calibrated to achieve a specific concentration of the active ingredient per acre of wetland. Pupae were not exposed to Bti because this larvicide is toxic only when consumed.
All experiments included cuttings that had been immersed in various larvicide solutions, cuttings immersed in water (wet controls), and cuttings that were not immersed in either water or larvicide solutions (dry controls). All solutions used for dipping loosestrife cuttings and immersing pupae contained nominal concentrations of the larvicides. Preparation of the dipping solutions for each test began with preparing the solution with the highest concentration with carefully weighed amounts of larvicide. Lower concentrations then were prepared in descending sequence by dilution with carefully measured volumes of water. Loosestrife cuttings were immersed in each solution as succeeding lower concentrations were prepared.
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Ϫ1
) of the three larvicides that would be prepared for spraying, concentrations (g · 1 Ϫ1 ) that would occur in 10 cm of water during a flooding event, ranges of exposure levels (g · 1 Ϫ1 and g · 1
) tested for each life stage, and resulting median effective concentration (EC50, g · 1 Ϫ1 ) and median lethal concentration (LC50 g · 1
). Except for the highest and lowest concentrations, each concentration used in range-finding tests was 50% of the next higher concentration and each used in final tests was 60 to 62% of the next higher concentration. Experiments were performed on a 16:8-h light:dark regimen in a room ventilated with exhaust fans to remove fumes. Temperatures were not controlled but were monitored daily during all tests with a maximum-minimum thermometer. Daily minimum temperatures varied from 20 to 26ЊC (mean, 23.4ЊC) and daily maximum temperatures varied from 25 and 31ЊC (mean, 27.9ЊC). Adult, egg, and larval G. calmariensis were exposed to the larvicides on purple loosestrife cuttings placed in clear plastic canisters (17.8 cm diameter, 25.4 cm high). Each container had three 2.5 ϫ 7.6 cm windows covered with fine-mesh screen to allow easy air exchange with the outside. A 4-oz glass I-Chem Jar (Nalge Nunc International, Rochester, NY, USA) that was capped with florist's foam and contained tap water (ഠ 2 cm) and a 15 to 20 cm-long cutting of newgrowth purple loosestrife was placed in each canister. Pieces of plastic beverage straws (3-4 cm) were inserted through the foam for adding water. Cuttings immersed in larvicide solutions or water were swished about gently to ensure that all surfaces were exposed to the solutions before the bases of the stems were inserted through the foam into the jars. For experiments with eggs, loosestrife cuttings with approximately ten eggs attached were immersed in larvicide solutions then placed in the jars. Larvae were transferred with small paintbrushes onto the cuttings after they had been immersed in the larvicide solutions. The cuttings with the larvae then were placed in the canisters. Adults were released into the canisters after the cuttings were placed in the canisters.
Preparation for experiments with pupae began by transferring five advanced-age larvae to dry cuttings and allowing them to pupate in the florist's foam capping the jars. One to 4 d after pupation began, the cuttings were cut at the surface of the foam, the water was drained from the glass jars, and the jars with foam and larvae were immersed for 4 h in various larvicide concentrations. Following immersion, the jars were retrieved, the larvicide solution in the jars was replaced with water, and the jars with the pupae were placed in plastic canisters. A second jar with a dry cutting also was placed in each canister to provide food for emerging adults.
Susceptibility to the larvicides was evaluated in terms of the percentage of eggs that hatched and the numbers of larvae and pupae that successfully passed to later life stages. Adult susceptibility was evaluated in terms of survival after 96 h of exposure. All canisters were observed every 24 h and the numbers of individuals were recorded that reached these endpoints. Eggs were exposed to the larvicides 6 d after they were laid and observed until 48 h after all of the control eggs had hatched. Larvae were exposed to the larvicides 5 to 6 d post hatch. Those exposed to Abate and Bti were observed until 48 h after all surviving control larvae began pupation. Because methoprene, the active ingredient in Altosid, is an analog of insect juvenile growth hormone, larval observations were continued in some canisters for 48 d. Data were recorded on the numbers of individuals in each canister that died, began pupation, and emerged as adults and on the number of days following Altosid exposure that these events occurred. Pupae were observed until 10 d after adults appeared among the controls.
Range-finding tests were performed with each larvicide and life-stage of G. calmariensis, except pupa, to determine the concentrations in the final tests. The range-finding tests included the highest concentrations recommended for application by the manufacturers or are applied by professional applicators (Table 1) . Except for Bti, larvicide concentrations in the final tests generally ranged from 2.5 times the highest concentrations that caused complete mortality in the rangefinding tests to about half of the highest concentration in the range-finding test that caused no mortality. Final tests included 10 to 17 concentrations, along with wet and dry controls, because the concentration ranges between complete survival and mortality in the range-finding tests varied among life-stage and larvicide combinations. A third control with Chinese lespedeza (Lespedeza cuneata), not immersed in water or larvicide solutions, was included in adult tests to determine if mortalities could occur from starvation if the beetles refused to eat dosed loosestrife cuttings. Final tests for egg hatchability were replicated in three plastic containers for each concentration with 8 to 13 eggs in each container. Final tests with larvae and adults included five canisters, each with five individuals or a total of 25 individuals, representing each concentration. Final tests were conducted to evaluate the survival of pupae exposed to Abate and Altosid. The highest concentrations tested were four times those that would occur in 10 cm of water when maximum larvicide concentrations per acre are applied to wetlands (Table 1) . Because Bti is toxic only if consumed by the organism, no tests were conducted to assess the potential effects of this larvicide on pupae.
Dispersion of beetles on plants and larval length measurements
The dispersal patterns of G. calmariensis on purple loosestrife plants were determined by gathering data on the numbers of eggs, larvae, and adults that occurred on different parts of the plants. The locations of larvae were determined after they had emerged from the growing tips of branches. Adult locations were determined by quantifying grazing damage on loosestrife plants. Data were gathered on where individuals were located on individual branches and where the occupied branches were on the plants.
Length measurements of larvae exposed to Altosid were made after the animals ceased feeding and before they descended from the cuttings to pupate during range-finding experiments. Numbers from each concentration available for measurement varied from one to five larvae.
Field sampling and comparisons of field and laboratory results
Estimates of the Abate concentrations that could occur on loosestrife plants during mosquito control operations were acquired by placing cuttings in roadside ditches at four southern Delaware locations being sprayed with the liquid formulation. Twelve cuttings in glass jars with florist's foam and water were placed at each location to ensure there would be sufficient tissue (Ն25 g wet wt) for residue analysis. Abate 4E (BASF) (44.6% temephos) was sprayed at the highest recommended rate (1.5 liquid ounces · acre Ϫ1 ) into the ditches from a sprayer mounted on the back of a pickup truck. The cuttings were retrieved immediately after the sprayer passed and the stems were cut at the surface of the foam. The cuttings in each group were then put together as a composite sample in an aluminum foil packet and placed in a Styrofoam cooler with frozen artificial ice. Approximately 4 h after collection the samples were transferred to a freezer (Ϫ20ЊC) for storage until processing for chemical analyses.
Estimates of the Altosid concentrations that could occur on loosestrife plants during a mosquito control operation were acquired by placing cuttings in the target area for an aerial application of liquid Altosid on a coastal salt marsh in central Delaware. Six groups with two cuttings in each group were placed in scattered locations within the target area. Altosid Liquid Larvicide (20% methoprene) was applied from a helicopter at the rate of 0.75 liquid ounces · acre
Ϫ1
. The cuttings were gathered within 15 min after Altosid application and put into a shaded location. Methods are available for measuring methoprene, the active ingredient in Altosid, in water, but no method is available for directly analyzing methoprene concentrations on plant tissues. Therefore, the Altosid was transferred from the cuttings to water at the spray site by sequentially rinsing each cutting in three water baths containing 500 ml of water. The water from each rinse was then poured into an amber 1-L glass bottle containing 30 ml of dichloromethane and vigorously shaken for approximately 1.5 min to partially extract the methoprene. The cuttings were wrapped individually in aluminum foil packets and, with the rinse water, were placed in Styrofoam coolers with frozen artificial ice for transport to the laboratory. Rinse water and cuttings were placed in refrigerators (2-4ЊC) within 6 h postspray. The cuttings were dried (80ЊC, 48 h) and weighed a few days after being brought from the field.
The dry-weight concentrations of Abate and Altosid on the cuttings exposed to larvicide applications were compared with estimates of the dry-weight concentrations on cuttings used in laboratory experiments. The estimates were obtained from cuttings immersed in eight prepared solutions representing the ranges in nominal concentrations of Abate (0.006-225 g · L Ϫ1 ) and Altosid (0.1-250 g · L Ϫ1 ) used in the laboratory exposures. The six intermediate concentrations were distributed at equal intervals between the extremes in the ranges of both larvicides. A linear regression analysis [10] was then performed on the measured dry-weight larvicide concentrations on the cuttings and the measured larvicide concentrations in the immersion solutions to establish a basis for making the comparisons. The measured Abate and Altosid concentrations were calculated from the temephos and methoprene concentrations chemically analyzed on the cuttings and in the solutions.
Chemical and data analyses
Concentrations of Abate and Altosid on cuttings and in water were determined from the temephos and methoprene concentrations measured through chemical analysis. Temephos concentrations were determined using the analytical procedures outlined in Pinkney et al. [11] and Belisle and Swinford [12] . The detection limits for plant tissues and water were 4.3 Ϯ 0.42 g · g Ϫ1 (dry wt) and 0.004 g · L Ϫ1 , respectively. The results for procedural blanks analyzed with water and plant samples were 0.000 g · L Ϫ1 and 0.000 g · g Ϫ1 , respectively; the percent difference for duplicate analyses of water and plant samples were 7.94 and 2.13%, respectively; and the percent recovery for spiked water and plant samples were 89.5% and 95.0%, respectively.
The manner in which the rinse water from cuttings exposed to the operational Altosid spraying was prepared for analysis was slightly different from that in which the rinse water from cuttings used to establish the regression relationship was prepared. Each rinse from the field exposure was extracted separately then the extracts from the three rinses were combined for methoprene analysis. Cuttings used to establish the regression relationship were rinsed sequentially in three different baths containing 200 ml of water then the 3 rinses were combined for extraction. Methoprene concentrations in the rinse water were then extracted and analyzed using the procedures outlined by Nguyen and Lewis [13] . The detection limit for methoprene in water using this method was 1.0 g · L
Ϫ1
. Dryweight concentrations of methoprene on oven-dried cuttings were calculated using the total amount of methoprene that was measured in the rinse water. The mean result of procedural blanks (n ϭ 3) analyzed with the rinse water was 0.000 g · L
and the mean percent recovery for spiked samples (n ϭ 3) was 114%.
Data on the success of eggs and larvae reaching the next life stage, adult survival, and the distributions of eggs, larvae, and adults on different parts of loosestrife were evaluated using an analysis of variance (ANOVA) for data with a single classification [14] . Nominal larvicide concentrations were the fixed variables for ANOVAs of egg, larvae, and adult survival and the different parts of plants were the fixed variables for ANOVAs of G. calmariensis distributions on the plants. The Fish- er's protected least significant difference test (␣ ϭ 0.05) was used for separation of the means of fixed variables of the ANOVAs [14] . Arcsin transformations of the percentage of hatched eggs were used to normalize the variance of data for the ANOVA and least significant difference tests. Egg, larval, and adult survival also was estimated by probit analysis to determine the median effective concentration (EC50) and median lethal concentration (LC50) concentrations [15] (Table  1) . Linear regression analysis was used to evaluate trends in pupal survival to adult emergence and the relationships between measured temephos and methoprene concentrations in dipping solutions and on plant cuttings [10] . The following equations represent the relationships between solution and cutting concentrations of both larvicides: 
RESULTS

Abate
Egg hatching success among wet and dry controls was approximately 92% and varied from 0% to 58% among eggs dipped in the Abate solutions (Fig. 1) . Hatching among the wet and dry controls was complete on days four and six, respectively, whereas hatching among most Abate-exposed eggs was completed by day 8. The mean hatching success among eggs exposed to 6.30 g · L Ϫ1 was reduced significantly from that of the wet controls but not the dry controls. The means among eggs exposed to the other Abate concentrations were reduced significantly from those of both controls. The lowest concentration (3.75 g · L Ϫ1 ) was equivalent to about 12% of the EC50 concentration on day 8 ( Table 1) .
All larvae exposed to Abate had pupated or were dead by the sixth day of exposure and at least 24 (96%) of larvae exposed to concentrations Յ0.01 g · L Ϫ1 pupated successfully (Fig. 2) . Differences in the times that pupation began were not influenced by differences in exposure concentrations. The lowest concentration (0.17 g · L
Ϫ1
) at which the numbers of pupating larvae were significantly different from that of controls was equivalent to 3.3% of the EC50 concentration (Table 1) .
Survival among pupae exposed to all concentrations of Abate was not significantly different from that of the controls. Eighty-four percent and 61% of pupae in wet and dry controls, respectively, survived to emerge as adults and survival among pupae exposed to the remaining concentrations was 38 to 63%.
No relationship between pupal survival and increasing Abate concentrations was found. Survival among adults after 24 h of exposure to all Abate concentrations was Ն96%, but after 96 h of exposure the numbers of adults surviving exposure to all concentrations Ն2.27 g · L Ϫ1 (2% of the 96-h LC50) was significantly lower than survival among controls (Fig. 3) . Among the adults placed in containers with Chinese lespedeza there was no mortality. This indicates that the reduced survival among adults was due to the presence of Abate on the cuttings and was not due to starvation from refusal to eat the purple loosestrife cuttings immersed in Abate.
Altosid
Hatching was successful in over 90% of the eggs exposed to Altosid concentrations of Յ0.118 g · L Ϫ1 then dropped gradually with increasing concentration (Fig. 4) . Hatching success was reduced significantly from that of controls in most concentrations Ն2.52 g · L Ϫ1 (5.3% of the EC50) ( Table 1) . Increasing Altosid concentrations reduced the numbers of larvae that pupated and adults that emerged (Fig. 5) , delayed the onset of pupation and emergence of adults (Fig. 6) , and caused giantism among larvae exposed to higher concentra- tions that pupated. Larval survival through the onset of pupation was 92 to 100% among groups exposed to concentrations of Յ1.75 g · L Ϫ1 . Survival among all groups exposed to Ն2.92 g · L Ϫ1 (12% of the EC50) until the onset of pupation was significantly lower from that of wet and dry controls. The numbers that survived through pupation to emerge as adults was reduced significantly from that of wet and dry controls among larvae exposed to concentrations Ն0.63 g · L Ϫ1 (13% of the EC50). No larvae exposed to concentrations Ն8.1g · L Ϫ1 (164% of the EC50) survived through pupation to emerge as adults.
The onset of pupation among larvae exposed to Altosid concentrations Ն0.38 g · L Ϫ1 (2.5% of the EC50) and adult emergence among larvae exposed to concentrations Ն0.23 g · L Ϫ1 (4.7% of the EC50) was delayed significantly from that of wet and dry controls. The mean numbers of days separating the onset of pupation and adult emergence varied from 10.08 to 13.75 d among groups of larvae exposed to various Altosid concentrations. However, there were no significant differences among groups in the times separating the onset of pupation and adult emergence and there was no corresponding trend between smaller and larger mean time differences and Altosid exposure concentrations.
Altosid concentrations in the range-finding tests were different from those in the final tests; however, we observed in both tests that larvae in the higher concentrations generally were longer. The mean lengths of larvae in all groups exposed in range-finding tests to Altosid concentrations Ն1.72 g · L
Ϫ1
(7% of the EC50) were significantly greater than those of the wet and dry controls; whereas, the mean lengths of those exposed to lower concentrations were not significantly different. The mean lengths of larvae exposed to four concentrations Ն1.72 g · L Ϫ1 were 10.0 to 10.25 mm (n ϭ 1-4). The mean lengths in groups exposed to lower concentrations were 6.4 to 7.0 mm (n ϭ 4-5).
Among pupae submerged in Altosid concentrations that were four times that which would occur in 10 cm of water if the larvicide were sprayed at recommended concentrations (188.3 g · ha Ϫ1 , 4 liquid ounces · acre Ϫ1 ) there were no differences in survival to adulthood. Survival in the wet and dry controls was 95 and 90%, respectively, and survival among various Altosid concentrations varied from 85 to 100%. No discernable pattern was found in the distribution of high and low percentages of survival among concentrations.
Altosid was not toxic to adults at any of the test concentrations. All the adults survived in the wet and dry controls and in most Altosid exposures; 24 adults survived in the control with Chinese lespedeza and in the 90 g · L Ϫ1 exposure.
Bti
Egg hatching success in the wet and dry controls was 88 and 91%, respectively, and varied widely (64-100%) among Bti concentrations. No consistent pattern among concentrations suggested that Bti affected egg hatchability. Survival was 1668 Environ. Toxicol. Chem. 23, 2004 T.P. Lowe and T.D. Hershberger Ն92% among larvae in the wet and dry controls and most concentrations that lay in the range of applied concentrations (Table 1) . Survival was reduced slightly among larvae exposed to Bti concentrations above the range of applied concentrations; however, the survival levels were not significantly different from those of controls. Survival was Ն92% among adults in the wet and dry controls and in all Bti concentrations.
Field corroboration
The mean concentrations of temephos and methoprene measured on cuttings exposed to operational sprayings in the field were 78.5 Ϯ 19 g · g Ϫ1 dry weight and 40.2 Ϯ 26.5 g · g
Ϫ1
dry weight of plant tissue, respectively. Using the equation derived through regression analysis, this temephos concentration is equivalent to that which would occur on cuttings immersed in a solution containing 15.9 Ϯ 0.045 g · L Ϫ1 of Abate. Determining the equivalent Altosid concentration that would occur on cuttings immersed in laboratory solutions depends upon the percentage of methoprene in the Altosid. Using the equation derived through regression analysis, the mean methoprene concentration that occurred on cuttings exposed to the operational spraying is equivalent to 2.6 Ϯ 0.011 g · L Ϫ1 of the Altosid formulation (20% methoprene) actually sprayed. However, it would be equivalent to 10.4 Ϯ 0.042 g · L Ϫ1 of the Altosid formulation (5% methoprene) used in our laboratory exposures.
Behavioral investigations
The locations on purple loosestrife plants were determined for 175 eggs on three plants, 136 larvae on five plants, and 3,410 sites exhibiting adult grazing on eight plants. All of the eggs were laid on the upper surfaces of the leaves and stems and approximately 90% were laid on the distal ⅓ of the branches. Most of the larvae (80%) were found on the undersides of leaves; 67% were on the distal ⅓ and 26% were on the middle ⅓ of the branches. All of the eggs and larvae occurred on branches that branched off of the main stem in the upper 40% of the loosestrife plants. Most grazing by adults (79%) occurred in the distal ⅓ of the branches; however, the adult grazing was distributed about evenly over all but the lowest 20% of the plants.
DISCUSSION
The experiments for this project were designed to evaluate the susceptibility of G. calmariensis should they be exposed to the liquid forms of Abate, Altosid, and Bti following application of the larvicides to control mosquitoes. The experiments with eggs, larvae, and adults were designed with two overriding goals in mind. First, the ranges of exposure levels of every life stage would reflect the larvicide concentrations that G. calmariensis could be expected to encounter during mosquito control activities. Second, we wanted to create situations in which the individuals used in the experiments could not avoid larvicide exposure. To achieve the first goal with Abate, we included the highest concentration in range-finding tests that reportedly has been sprayed by professional appliers, although 51 g Abate-L
Ϫ1 is more representative of the concentrations sprayed by professional appliers (Delaware Division of Fish and Wildlife, personal communication) (Table 1) . For Altosid and Bti we included the highest concentrations in range-finding tests that are recommended by the manufacturers on the container labels (Table 1) . Recommended concentrations for Altosid range from 0.6 liquid ounces · gal
) and the recommended concentrations for Bti range from 0.08 liquid ounces · gal
). Because the maximum concentration for Abate is quite high (37.5% of solution wt), we assumed that most errors in solution preparation would not result in significantly greater concentrations of the larvicide being applied. However, the maximum recommended concentrations for Altosid and Bti are relatively low (6.25 and 2.75% of solution wt, respectively). Therefore, we allowed for potential mistakes in solution preparation of up to four times the recommended maximum concentrations for these larvicides.
The second goal, ensuring that individuals could not avoid larvicide exposure, was achieved by immersing whole loosestrife cuttings into the larvicide solutions then placing the cuttings in closed clear plastic containers. Immersion exposed all surfaces of the cuttings equally to the larvicide and placing the cuttings in the containers prevented larvae and adults from seeking unexposed, alternative sources of food. Such uniform exposure of all plant surfaces probably would not occur when larvicide is sprayed from aircraft or hand-held wands. More larvicide probably would be intercepted by the upper surfaces of the higher and more distal leaves and branches than would be intercepted by the remaining parts of the plants and the intercepted larvicide would be in droplet form.
Investigators commonly use LC50 and EC50 concentrations for evaluating the results of experiments like those performed for this study. However, we found there were significant reductions in survival with exposures to concentrations much lower than the LC50 and EC50 concentrations. Therefore, we elected to evaluate the results of our experiments with ANOVA and regression analysis as well as Probit analysis.
We found no published results for studies of the potential effects of Abate, Altosid, and Bti on nontarget organisms that are not aquatic. Thus, when feasible, we have used study results involving nontarget aquatic organisms in discussing our results.
Abate
The egg stage of G. calmariensis may be more susceptible to Abate sprayed on wetlands than other life stages because they usually are placed on those parts of the loosestrife plants that would be expected to intercept the most sprayed larvicide. Hatching success was zero among eggs exposed in the laboratory to concentrations comparable to the concentration (51 g · L Ϫ1 ) usually applied for mosquito control and significant reductions occurred at concentrations as low as 7% of the usually applied concentration. The EC50 concentration also was well below the usually applied concentration.
Larvae were sensitive to Abate concentrations much lower than were eggs and adults and much lower than concentrations that may be applied for mosquito control. Larval survival to the onset of pupation was reduced significantly at concentrations from 0.03% to 0.2% of the usually applied concentration and no larvae survived concentrations Ն0.4% of the usually applied concentration. The EC50 concentration for larval survival until the onset of pupation was approximately 0.1% of the usually applied concentrations. However, the susceptibility of larvae to Abate, which their extreme sensitivity would suggest, may be mitigated partially by their occupying parts of the loosestrife plants that are less likely to intercept sprayed larvicide. The first few days of the larval stage are spent burrowed in the developing buds and branch tips [8] and our data suggest that the larvae tend to occupy the undersurfaces of the leaves after leaving the branch tips. Thus, if the larvae confine their feeding to the these parts of the plant, they may avoid encountering the extremely toxic Abate concentrations that would be intercepted by the upper-leaf surfaces.
The range of Abate concentrations in the water to which we exposed the pupae generally were a little higher than those that have been measured in the field 1 h following mosquito control spraying. Concentrations in three Florida (USA) studies varied from 6.5 to 127.8 g · L Ϫ1 [16, 17, 18] and from 1.8 to 40.1 g · L Ϫ1 in a Minnesota (USA) study [19] . Toxicity has been observed within this concentration range among Daphnia pulex and Chaoborus sp. [19] , green tree frog tadpoles (Rana clamitans) [20] , and mummichogs (Fundulus heteroclitus) [21] . The pupae exposed in our experiments were not susceptible to concentrations reaching approximately four times the greatest of these field concentrations.
Adult survival was reduced significantly after 96 h of exposure to Abate concentrations similar to those that reduced hatching success of eggs; however, complete mortality did not occur with exposure to any concentration. The 96-h LC50 concentration was more than two times the Abate concentration usually applied for mosquito control; however, survival was reduced significantly at a concentration equal to 4.5% of the usually applied concentration. Adults showed a clear preference for leaf tissue near the distal ends of branches as a food source. In view of the results of this study, this would suggest that adults could experience exposure to lethal Abate concentrations if they do not detect the presence of the larvicide and move their grazing activities to plants receiving less exposure. In our experiments, the adults had no choice but to eat the Abate-tainted cuttings.
Altosid
Hatching success was reduced significantly among eggs exposed to most Altosid concentrations Ն4.0% of the highest concentration recommended for mosquito control. Suppression of all hatching occurred at the single concentration above the range of recommended concentrations (Fig. 4) . The EC50 concentration was within the range of applied concentrations. As with Abate, the location on the loosestrife plant where the adult females place the eggs makes them quite vulnerable to exposure during mosquito control spraying.
Larvae were sensitive to Altosid concentrations comparable to those that reduced egg-hatching success and comparable to the range in concentrations that may be applied for mosquito control. The EC50 concentration for larval survival until the onset of pupation was within the concentration range that may be applied to control mosquitoes and significant reductions occurred at a concentration equal to about 62% of the lowest recommended concentration for mosquito control. The EC50 concentration for larval survival until adult emergence was near the lowest recommended concentration and concentrations as low as 13% of the lowest recommended concentration significantly reduced survival until adult emergence. A concentration equal to about 5% of the lowest recommended concentration significantly delayed the onset of pupation in larvae and the onset of adult emergence and concentrations equal to 37% of the lowest recommended concentration caused giantism in larvae. As with Abate, the susceptibility of the larvae to Altosid exposure may be mitigated because the larval stage is passed buried in the growing branch tips or on the undersurfaces of the leaves.
The response of the larvae to the lower Altosid concentrations suggests the larvicide affects the same biochemical mechanisms in G. calmariensis as are affected in mosquito larvae. Methoprene, the active component of Altosid, is an insect juvenile hormone analog that disrupts metamorphosis and prevents adult emergence [5] . The delayed onset of pupation, without significant extension in the time separating pupation and adult emergence, and the occurrence of giantism suggests that methoprene may act on the biochemical mechanisms that influence when the larvae start pupation. The reduced survival of pupating larvae exposed to concentrations between 0.30 and 8.1 g · L Ϫ1 until adult emergence suggests that Altosid may adversely affect the biochemical mechanisms controlling metamorphosis after pupation begins.
The pupae exposed to Altosid in our experiments were not susceptible to concentrations reaching over 100 times the concentrations that have been measured in the field during mosquito control applications. Few studies report Altosid concentrations in wetland waters after application for mosquito control. Median concentrations were 10 g · L Ϫ1 after 150-d Altosid briquettes were dispersed in three Minnesota ponds [22] . This is about half of the lowest concentration of Altosid that could occur when the larvicide is applied for mosquito control but is about 10 times the lowest concentration to which pupae were exposed in this study (Table 1) .
Adult survival in a 96-h test was unaffected from exposure to Altosid concentrations reaching four times the levels that would occur if the maximum recommended concentrations were applied for mosquito control. Thus, one probably could expect that Altosid spraying would pose no risk to this life stage.
Bti
The three life stages of G. calmariensis that occur on the aerial portions of loosestrife plants do not appear to be susceptible to Bti concentrations that are likely to be sprayed for mosquito control. The Bti insecticides generally are believed to be effective against restricted spectra of insects within a single order [23, 24] . This supposition generally has been supported in short-term field studies of aquatic insects. The Bti applied at rates comparable to those used for mosquito control did not reduce the abundance of five aquatic insect orders including Coleoptera, the order that includes G. calmariensis [25] [26] [27] , whereas abundance of nontarget species of Diptera, the order including mosquitoes, has been reduced at similar application rates [28] [29] [30] . We were unable to find any studies in which species of terrestrial Coleoptera have been exposed to Bti. However, the results of this study suggest that G. calmariensis is like the aquatic Coleoptera species in that Bti did not reduce their numbers. Thus, if mosquito control with larvicides is necessary during the early May through July period when G. calmariensis is active [8] , Bti would seem to be the preferred larvicide to apply.
Field corroboration
The mean concentration of Abate intercepted by cuttings placed in the target area of an operational spraying was below the concentration that occurred on cuttings that were immersed in solutions containing the usual Abate concentration used for mosquito control. Nevertheless, they were within the range of concentrations on cuttings that were found to adversely affect eggs and adults in our laboratory experiments. They were over 70 times the concentration that caused total mortality among 1670 Environ. Toxicol. Chem. 23, 2004 T.P. Lowe and T.D. Hershberger larvae. Thus, although larvicide coverage on the plant surfaces may be uneven after an operational spraying, concentrations that are harmful could occur on the parts of loosestrife plants where adult G. calmariensis prefer to feed and lay their eggs.
Comparison of the Altosid concentrations on cuttings exposed to the operational spraying with those on cuttings immersed in our laboratory solutions is complicated by differences in the percent methoprene in the two Altosid products employed in this study. The Altosid used in the mosquito control operation contained 20% methoprene, whereas the Altosid used for our laboratory experiments contained 5% methoprene. The amount of methoprene intercepted by cuttings placed in the target spray area (40.2 g · g Ϫ1 , dry wt) would occur on cuttings immersed in laboratory solutions containing 2.6 g · L Ϫ1 of Altosid with 20% methoprene and 10.4 g · L
Ϫ1
of Altosid with 5% methoprene. Which components of Altosid were responsible for reducing the hatching success of eggs in our laboratory experiments is uncertain. We assume that the delayed pupation and giantism as well as mortality observed in larvae exposed to Altosid in our experiments were caused primarily by the methoprene component of the larvicide. However, the back-calculated concentrations for both Altosid formulations were well within the range of concentrations that significantly reduced hatching success of eggs (Fig. 4 ) and caused adverse affects on larvae ( Fig. 5 and 6 ) in our laboratory experiments.
CONCLUSION
All life stages of G calmariensis, except the pupae, live on those portions of purple loosestrife that are likely to intercept larvicide sprayed for mosquito control and they all appear to be susceptible to Abate concentrations that realistically represent those that could occur on the plants. Eggs and larvae appear to be susceptible to Altosid concentrations that realistically represent the concentrations that may occur on the plants but adults appear not to be susceptible. Larvae appear to be more sensitive to both larvicides than are the eggs and adults. However, their habit of burrowing into the developing tissues of leaves and flower buds after hatching and their preference for living on the undersides of leaves when they are older may offer them some protection from larvicide exposure. Concentrations of Abate and Altosid intercepted by purple loosestrife cuttings placed in the target areas where the larvicides were sprayed for mosquito control were within the range that produced lethal and sublethal effects in the laboratory. Pupae do not appear to be susceptible to the concentrations of Abate and Altosid that may occur in water if spraying were to occur coincidently with a flooding event. None of the life stages that live on the aerial portions of purple loosestrife appear to be susceptible to Bti concentrations that represent those that could occur on the plants.
